Although gene duplications occur at a higher rate, only a small fraction of these are retained. The position of a gene's encoded product in the protein-protein interaction network has recently emerged as a determining factor of gene duplicability. However, the direction of the relationship between network centrality and duplicability is not universal: In Escherichia coli, yeast, fly, and worm, duplicated genes more often act at the periphery of the network, whereas in humans, such genes tend to occupy the most central positions. Herein, we have inferred duplication events that took place in the different branches of the primate phylogeny. In agreement with previous observations, we found that duplications generally affected the most central network genes, which is presumably the process that has most influenced the trend in humans. However, the opposite trend-that is, duplication being more common in genes whose encoded products are peripheral in the network-is observed for three recent branches, including, quite counterintuitively, the external branch leading to humans. This indicates a shift in the relationship between centrality and duplicability during primate evolution. Furthermore, we found that genes encoding interacting proteins exhibit phylogenetic tree topologies that are more similar than expected for random pairs and that genes duplicated in a given branch of the phylogeny tend to interact with those that duplicated in the same lineage. These results indicate that duplication of a gene increases the likelihood of duplication of its interacting partners. Our observations indicate that the structure of the primate protein-protein interaction network affects gene duplicability in previously unrecognized ways.
Introduction
One of the key insights provided by fully sequenced genomes is the pervasiveness of gene duplication and loss in all organisms (Ohno 1970; Zhang 2003) , which has resulted in modern-day genomes being replete with multigene families and a confusing pattern of orthologs and paralogs distributed throughout life on the planet. However, genes widely differ in their propensity to retain duplicates, whereas some gene families are represented by dozens or even hundreds of members in a given genome, others remain as singleton genes over time. This observation naturally leads to the key question concerning why genes duplicate and the even bigger question of what constraints exist that might prevent duplications from occurring or at least retard their rate of occurrence.
Gene duplication is often the key for understanding the origin and evolution of important advantageous traits. For example, the acquisition of color vision in vertebrates is the result of the duplication of retinal visual pigment genes (Yokoyama 2002) , and salivary amylase gene copy number is positively correlated with dietary starch intake in human populations (Perry et al. 2007 ). On the other hand, gene duplication is a significant factor in the pathogenesis of various diseases such as cancer (Slamon et al. 1987; Lahortiga et al. 2007) . A duplicated gene is very likely to be lost unless it offers a selective advantage to the organism in which it is found, and therefore, only a fraction of duplicated genes are retained after duplication (Ohno 1970; Lipinski et al. 2011) . Over the past decade, the combination of genomic and functional data has allowed us to identify the factors correlating with gene duplicability, that is, the tendency to retain both gene copies after duplication. These factors include gene function (Marland et al. 2004 ) and complexity (Papp et al. 2003; Yang et al. 2003; He and Zhang 2005) , subcellular location (Prachumwat and Li 2006) , and timing of expression during development (Castillo-Davis and Hartl 2002; Yang and Li 2004 ). Yet, a large fraction of the variability of gene duplicability remains unexplained.
Genes and proteins rarely act in isolation, and over the past few years, in particular, we have been gaining a better understanding of the complex networks of interactions in which these molecules find themselves. The high throughput accumulation of interactomic data now allows us to investigate the relationship between the patterns of molecular evolution of genes and the position that their encoded products occupy in protein-protein interaction networks (PINs) (see Cork and Purugganan 2004; Eanes 2011; Zera 2011; Alvarez-Ponce et al. 2012) . The position of a protein in the network can be measured from its network centrality, which can be computed as its degree (number of proteins with which it interacts), betweenness (number of shortest paths between protein pairs to which it belongs), or closeness (the inverse of the average distance to all other proteins in the network) (Borgatti 2005; Mason and Verwoerd 2007) . Some aspects of the evolution of genes have been shown to be affected by the centrality of their encoded products in the PIN (e.g., Luisi et al. 2012) . For instance, genes occupying the most central positions tend to be more selectively constrained (Fraser et al. 2002; Hahn and Kern 2005; Lemos et al. 2005) . Although gene duplicability is also affected by centrality, the direction of the relationship between centrality and duplicability is not universal. In E. coli, yeast, and fly, singleton genes tend to occupy more central positions in the network than duplicated genes (Hughes and Friedman 2005; Prachumwat and Li 2006; Makino et al. 2009 ). A possible explanation for this phenomenon is that duplication of a gene may disrupt the dosage balance of the interactions in which it is involved (Veitia 2002; Papp et al. 2003) , and this may have more deleterious effects for the most highly connected genes. Conversely, duplicated genes tend to be more central than singleton genes in the human PIN (Liang and Li 2007) , which is a derived character resulting from the high duplicability of metazoan-specific genes (D'Antonio and Ciccarelli 2011). However, it remains unclear why this different pattern is observed in humans. These contrasting observations indicate that, although network position has a clear effect on a gene's duplicability, the relationship between duplicability and PIN centrality has undergone modification in the vertebrate lineage. This dynamic behavior of the relationship between centrality and duplicability opens the question of whether more shifts have taken place during evolution and, if so, how often did they occur and when.
Further evidence for the dependence between the position of genes in an interaction network and their patterns of evolution comes from the observation that genes encoding interacting proteins tend to exhibit correlated evolutionary histories (for a review, see Lovell and Robertson 2010) . For example, their rates of evolution are more similar than expected from random protein pairs (Fraser et al. 2002; Lemos et al. 2005; ). This similarity is generally attributed to molecular co-evolution or to interacting proteins being subject to similar evolutionary forces and it can be potentially used to infer protein-protein interactions from sequence data (Codoñer and Fares 2008; Fares et al. 2011 ). For instance, several studies have shown that interacting genes manifest phylogenetic histories that are more similar than expected in a random network, as evidenced by the similarity in the lengths of the branches in the phylogeny. However, gene tree similarities have usually been assessed using the mirrortree approach, which relies on the underlying distance matrices (Goh et al. 2000; Pazos and Valencia 2001; Pazos et al. 2008) . It is less clear whether the actual phylogenetic trees inferred from interacting proteins are more topologically similar than expected from random protein pairs. In fact, Kelly and Stumpf (2010) found only negligible evidence for such an increased level of similarity between pairs of trees inferred from interacting proteins in sets of yeast orthologous sequences. However, both the mirrortree approach and the approach used by Kelly and Stumpf rely on sets of 1:1 orthologs. Although computationally convenient, this approach does not address the potential gene tree similarity resulting from similar duplication histories. Almost 20 years ago, it was hypothesized that interacting genes may tend to exhibit topologically similar phylogenetic trees owing to co-duplication at similar evolutionary times (Fryxell 1996) . Arguably, duplication of a gene with interacting partners may be deleterious unless the interacting genes co-duplicate soon after or before the event (Papp et al. 2003) . Alternatively, the functional diversification of duplicated genes could be facilitated by a pre-existing heterogeneity in proteins that interact with their products (Fryxell 1996) . Although a number of examples of correlated tree topologies for interacting genes have been reported (e.g., Fryxell 1996; Koretke et al. 2000; Alvarez-Ponce et al. 2009 ), an analysis at the level of the entire interactome has not been carried out to date.
Herein, we combine comparative genomics and proteinprotein interaction data to explore the relationship between the structure of the primate PIN and the duplicability of genes encoding its components. For that purpose, we inferred the gene duplication events that took place in each of the branches of a phylogeny consisting of six primates and one rodent and evaluated the dependence between the duplicability of genes and the position of their encoded products in the PIN. The results revealed a complex relationship between network position and duplicability. We found that 1) in agreement with previous observations, duplicated genes act at the most central positions of the human PIN; however, when we examined the trend across different portions of the primate phylogeny, the opposite (i.e., gene duplication preferentially affecting genes whose encoded products are peripheral in the PIN) was observed for genes duplicated in the external branch leading to humans and the two internal branches subtending the human/chimpanzee and the human/chimpanzee/gorilla clades, indicating that the relationship between duplicability and centrality has undergone modification more than once during animal evolution; 2) genes encoding interacting proteins exhibit more similar tree topologies than expected in a random network; and 3) genes that duplicated in a given branch tend to interact with genes that duplicated in the same branch, indicating that the duplication of a gene increases the likelihood of duplication of its interacting partners in the network. Taken together, these results indicate that the structure of the primate network constrains the patterns of duplication of their components at multiple levels and in a dynamic manner.
Materials and Methods

Genomic Data
We retrieved all protein-coding sequences (CDSs) and family assignments for human, chimpanzee, gorilla, orangutan, macaque, marmoset, and mouse from the Ensembl database (version 61; Flicek et al. 2011) . We eliminated the following from our analyses: 1) coding sequences that were interrupted by a stop codon or whose length was not a multiple of three; 2) sequences that had not been assigned to any gene family; and 3) gene families consisting of less than four sequences. After this filtering, a dataset comprising 125,999 genes belonging to 12,158 gene families was retained.
Phylogenetic Tree Reconstruction and Duplication Inference
For each gene family, we aligned the protein sequences using MUSCLE (Edgar 2004) . The resulting protein alignments were used to guide the alignment of the corresponding CDSs using TranslatorX (Abascal et al. 2010) . The CDS alignments were subsequently used to reconstruct Bayesian phylogenetic trees using SPIMAP (Rasmussen and Kellis 2011) . Gene duplications were inferred using the species/gene tree reconciliation approach implemented in the SPIMAP software and the species overlap method (Huerta-Cepas et al. 2007; Gabaldón 2008) implemented in the ETE package (Huerta-Cepas et al. 2010) . For these analyses, we used the reference species tree provided in the study by Benton et al. (2009) (fig. 1) .
We assigned each duplication event to a branch of the reference species tree and to one or more human genes. For each duplication node, we examined the species represented in the descendant leaves. We assigned the duplication event to the branch preceding the deepest node in the reference species tree whose descendants include all the species affected by the duplication. For instance, if sequences descending from a duplication node included sequences from all great apes, the duplication event was assigned to the branch subtending the radiation of the great apes. Subsequently, we assigned the duplication event to the set of human genes that are the result of this duplication event or are the closest human homologs to the genes involved in this duplication. If there was at least one human gene in the set of descendant leaves of a duplication node, the duplication event was assigned to this human gene or set of genes. Otherwise, we systematically examined the parental node of that node until the descendant leaves contained at least one human homolog.
Network-Level Analysis
The human interactome was assembled from the interactions available from the BioGRID database version 3.1.81 (Stark et al. 2011) . Only nonredundant physical interactions among pairs of human proteins with an Ensembl ID were considered. The network (termed PIN0) contains 9,087 proteins connected by 39,883 interactions. For each protein, degree was computed as the number of interacting partners, and betweenness and closeness centralities were computed using the NetworkX package (http://networkx.lanl.gov/). Proteins not represented in the PIN0 network were not used in network-level analyses.
We evaluated whether the phylogenetic trees of genes encoding interacting proteins were more similar than expected in a random network and whether genes that duplicated in a given branch of the species tree tend to interact with genes that duplicated in the same branch. For that purpose, a subnetwork containing only proteins with a nontrivial tree was used (PIN1; supplementary fig. S1, Supplementary Material online). We used as statistics the average tree topological similarity of interacting proteins (see below) and the number of interactions among proteins encoded by duplicated genes. The statistical significance of measured network parameters was evaluated from an ensemble of 250 or 10,000 randomized networks. Random networks were generated using a network rewiring approach. Each random network was generated from PIN1 by repeatedly choosing two edges at random (e.g., A-B and C-D) and swapping them (yielding A-D and C-B, or A-C and B-D). This operation was iterated 100 Â m times on each random network, where m is the number of edges. Therefore, each random network contains the same nodes, the same number of edges, and the same degree for each node as the original network. P values were computed as the proportion of random networks with a parameter value higher or equal to the observed one.
To discard the potential impact of confounding network features in our results, analyses were repeated on two subnetworks of PIN1. PIN2 is a subnetwork of PIN1 with no selfinteractions or interactions among proteins encoded by paralogous genes; and PIN3 is a subnetwork of PIN2 without interactions among proteins encoded by genes locating in the same chromosome arm (supplementary fig. S1 , Supplementary Material online). A separate network ensemble was generated for each of these networks. The same restrictions used to generate each subnetwork were imposed to the corresponding ensembles, only allowing edge swaps respecting these restrictions.
Comparison of Phylogenetic Trees
We used the "tree comparison" program from the treeKO package (Marcet-Houben and Gabaldón 2011) to compare (1-6) is the name that we have assigned to that branch. Branches for which duplicated genes tend to be less connected than nonduplicated genes are represented in gray.
the tree topologies of pairs of interacting proteins. The "strict distance" was used. Trees were rooted in the branch that minimized the number of gene duplications in the tree.
Age of Human Genes
To establish the age of each human gene, we carried out a similarity search against the nr database (downloaded on 12 October 2010; Pruitt et al. 2007 ) using the BLASTP algorithm (Altschul et al. 1990 ). Only genes that aligned to more than 80% of the query sequence were retained. If at least 5% of the hits corresponded to nonmetazoan genomes, the human gene was considered to be of premetazoan ancestry (i.e., "ancient").
Results
Identifying Duplication Events in the Primate Phylogeny
We retrieved all CDSs for six primates (human, chimpanzee, gorilla, orangutan, macaque, and marmoset) and one rodent (mouse). After filtering the dataset (see Materials and Methods), we retained a total of 125,999 genes belonging to 12,158 gene families (supplementary table S1, Supplementary Material online). For each family, we reconstructed a phylogenetic tree using a Bayesian approach. Using these phylogenetic trees, we inferred the duplication and loss events that took place during the evolution of each family using the gene tree/species tree reconciliation approach (Goodman et al. 1979; Page 1994 ). This algorithm compares each gene tree with an established species tree topology ( fig. 1) , and discrepancies between the two are attributed to duplication or loss events. Because inference of gene losses is methodologically problematic (Hahn 2007) , only gene duplications are considered in the current analysis. In addition to the gene tree/species tree reconciliation approach, we used the reconciliation-independent species overlap method (Huerta-Cepas et al. 2007; Gabaldón 2008) , which is based on the pattern of species overlap in the descendant leaves of each duplication node. The gene tree/species tree reconciliation approach inferred a total of 22,969 duplications across the studied phylogeny, whereas the more conservative species overlap method inferred 15,814 duplications (table 1  and supplementary table S2, Supplementary Material online) . Unless otherwise stated, the results reported throughout this article correspond to duplications inferred using the gene tree/species tree reconciliation method; however, we carried out all analyses in parallel using both approaches, with qualitatively equivalent results. These results are detailed in the relevant tables, and all analyses and data are available in the Supplementary Material online or on request from the authors.
We estimated an overall gene duplication rate of 0.00348 duplications/gene/My across the phylogeny of the studied species. However, we found that the duplication rate varied widely across the different branches of the tree, ranging from 0.0012 duplications/gene/My on the chimpanzee external branch to 0.0252 duplications/gene/My on the internal branch subtending the human, chimpanzee, and gorilla clade (labeled as branch 2; see table 1). This represents a greater than 20-fold difference in duplication rate between these branches. The remarkable acceleration in the rate of gene duplication in branch 2 has been described previously and has been suggested to be the result of changes in the effective population size or the generation time during the evolution of the great apes (Marques-Bonet et al. 2009 ). In agreement with previous reports ), we observed an increased rate of gene duplication in the primate lineage (0.00388 duplications/gene/My) compared with the mouse branch (0.0018 duplications/gene/My). Furthermore, we observed an increased rate of duplication in the great apes (0.0041 duplications/gene/My) compared with the average rate in primates, also consistent with previous observations (Fortna et al. 2004; Hahn et al. 2007 ).
Of particular interest in the assessment of gene duplication is the issue of what kinds of genes have duplicated and in which evolutionary time. For each branch in the species tree, we obtained a list of human genes that are either the result of Material online) . In general, we observed enrichment in the "reproduction," "transcription," "translation," and "environment perception" GO categories, in agreement with previous results (e.g., Demuth and Hahn 2009; Huerta-Cepas et al. 2007 ). Interestingly, we observed a clear enrichment in GO categories associated with olfactory transduction in mouse-specific duplications, as reported previously by Nei (2005, 2007) .
From these results, we can conclude that our dataset and treatments of the data are in line with previous work. In this study, we have conducted an interactome-wide analysis of gene duplication.
The Relationship between Centrality and Duplicability Underwent Modification during Primate Evolution
Having identified the genes that underwent duplication in each branch of the phylogeny of the studied species, we sought to investigate the relationship between the structure of the network and the duplicability of its components. For that purpose, we assembled a human interactome (termed PIN0) from all interactions available in the BioGRID database (Stark et al. 2011) . For each gene in the network, we computed three centrality measures (degree, betweenness, and closeness) and compared their values for nonduplicated genes and genes that underwent duplication in any branch of the phylogeny. In agreement with previous observations in the human interactome (Liang and Li 2007 ; D'Antonio and Ciccarelli 2011), we found that duplicated genes occupy more central positions in the human PIN than nonduplicated genes using the Mann-Whitney U test (P = 2.89 Â 10 À13 for degree; P = 3.01 Â 10 À10 for betweenness; and P = 2.11 Â 10 À14 for closeness; supplementary table S4, Supplementary Material online, and fig. 2 ). Crucially, however, this analysis only takes into account whether genes underwent duplication in any branch of the phylogeny, and therefore, it does not consider the specific branches on the species tree in which those duplications occurred. A more interesting analysis is to consider duplications that happened at approximately the same time and whether different parts of the interactome were perturbed by duplication at different times.
We conducted an analysis that partitioned duplication events into the branches in the phylogeny in which they occurred. We observed that duplicated genes exhibit a higher average degree (i.e., number of interacting partners) than nonduplicated genes in 10 of the 13 branches of the species tree, with statistically significant differences in 5 of the branches (supplementary table S4, Supplementary Material online, and fig. 2 ). Unexpectedly, the opposite trend (i.e., a higher degree for nonduplicated genes) is observed in the three remaining branches (the external branch leading to the human lineage and internal branches 1 and 2), with statistically significant differences in two of these branches (the human branch and internal branch 1; supplementary table S4, Supplementary Material online, and fig. 2 ). We obtained similar results when we used betweenness and closeness as the measures of network centrality and when the more conservative species overlap method was used as the method for inferring duplication events (supplementary table S4, Supplementary Material online). Therefore, despite the general tendency of duplications to occur at the most central genes of the network, the relationship between centrality and duplicability has inverted during the primate radiation.
These observations presents us with a picture of the relationship between network position and gene duplicability H u m n * a C h im p a n z e e r ll G o i a O r a n g u t a n M a c a q u e * M that is more complex than has been reported previously and that up to now was assumed to be the general rule for vertebrates. To gain a more complete understanding into the relationship between the structure of the network and the patterns of duplication of its components, we considered whether duplications of genes encoding interacting proteins were correlated.
Interacting Proteins in the Human PIN Tend to Exhibit Topologically Similar Phylogenetic Trees
For each pair of interacting proteins, we compared the topologies of the corresponding phylogenetic trees using the treeKO algorithm (Marcet-Houben and Gabaldón 2011). We used the "strict distance," which takes into account both the patterns of speciation and the duplication and loss patterns. For this analysis, we used a subnetwork of PIN0 (termed PIN1; see supplementary fig. S1 , Supplementary Material online) that contained only proteins encoded by genes capable of reconstructing nontrivial phylogenetic trees (those belonging to gene families with four or more members). According to the treeKO algorithm, trees derived from interacting proteins exhibit an average distance of D = 0.319. To assess the significance of this value, we compared it with a null distribution obtained from a set of randomized networks with the same nodes, number of interactions, and degree for each node as the original network (PIN1; see Materials and Methods). Of 250 randomized versions of PIN1, none showed a D value lower than or equal to the observed one (average value for the simulations, D = 0.339; P < 0.004; fig. 3 ), indicating that interacting proteins in the human interactome manifest tree topologies that are more similar than expected from a random network.
This similarity might be the result of molecular coevolution of genes encoding interacting proteins. However, a number of features of PINs might also produce such a similarity, and their effects should be ameliorated as much as possible to eliminate potential sources of confounding bias. First, PINs are known to be enriched in self-interactions (i.e., interactions among identical proteins) and interactions among proteins encoded by paralogous genes (Ispolatov et al. 2005; Pereira-Leal et al. 2007; Alvarez-Ponce and McInerney 2011) . Because genes involved in these interactions are represented in the same phylogenetic trees, this enrichment could potentially contribute to the low observed D value. To discard this possibility, analyses were repeated in a subnetwork of PIN1 in which all such interactions were removed (PIN2; see supplementary fig. S1 , Supplementary Material online). We found that interacting proteins still exhibit a higher similarity than expected in a random network (D = 0.331; average value for the simulations, D = 0.338; P < 0.004), indicating that these features do not affect our observations. Second, duplication events sometimes affect large chromosomal regions, thereby involving simultaneous duplication of multiple adjacent genes, which would consequently have similar duplication histories. In addition, genes encoding interacting proteins tend to cluster together in the genome (Lee and Sonnhammer 2003; Makino and McLysaght 2008) . Taken together, these tendencies may also contribute to the similarity in tree topologies observed among interacting proteins. However, the topological similarity of trees in the observed interactome is still significantly higher than expected at random when interactions involving proteins encoded by genes that localize to the same chromosome arm are also removed (D = 0.331; average value for the simulations, D = 0.338; P < 0.004 for PIN3; supplementary fig. S1 , Supplementary Material online).
These results indicate that genes encoding interacting proteins manifest more similar tree topologies than expected from random pairs and that this pattern is independent of the enrichment of the network in self-interactions, interactions among paralogous genes, and interactions among genes that co-localize in the genome. This similarity can potentially be the result of genes that encode interacting proteins exhibiting similar duplication histories. To test this possibility, we investigated whether the duplications of interacting genes tend to occur in the same branches of the species tree.
Genes Encoding Interacting Proteins Tend to Co-duplicate in the Same Branches of the Phylogeny
We considered whether the human interactome was enriched in interactions among proteins encoded by duplicated genes. For that purpose, we computed the number of interactions involving genes that have undergone duplication in any branch of the phylogeny (N = 22,988 in PIN1) and compared this number to the null distribution obtained from a collection of 10,000 random networks. None of these random networks exhibits an N value higher than or equal to the observed one (P < 0.0001), indicating that duplicated genes tend to interact with each other in the real network. This result holds when self-interactions and interactions among paralogs (N = 21,872; P < 0.0001 for PIN2), and interactions between genes locating in the same chromosome arm (N = 21,152; P < 0.0001 for PIN3), are removed from the analyses. We carried out an equivalent analysis for genes duplicated in each of the 13 branches of the studied phylogeny; that is, we examined whether genes that duplicated in a given branch tend to interact with genes that duplicated in the same branch. For each branch i, we computed the number of interactions between genes that underwent duplication in that branch, N i , and evaluated its statistical significance as above. When all interactions are considered (PIN1), the N i values are significantly higher than expected from a random network in all 13 branches (P < 0.05; supplementary table S5, Supplementary Material online), indicating that genes that have undergone duplication in each of these branches tend to interact with each other. When self-interactions and interactions among paralogs are removed (PIN2), the N i values are higher than the average values for the random networks for 10 of the 13 branches, with statistically significant differences in 4 of the branches (the external branches leading to gorilla, marmoset, and mouse, and internal branch 6; supplementary table S5 and supplementary fig. S2 , Supplementary Material online). Qualitatively equivalent results were obtained when interactions among genes in the same chromosome arm were also removed from the analysis (PIN3; supplementary table S5, Supplementary Material online). Similar results are obtained using the species overlap method (supplementary table S5, Supplementary Material online). These results indicate that although the tendency of genes that duplicated in a given branch to interact with each other is in part the result of the enrichment of the network in self-interactions and interactions among paralogs (Ispolatov et al. 2005; Pereira-Leal et al. 2007 ; Alvarez-Ponce and McInerney 2011), these features cannot completely account for the observed trend.
Discussion
We used phylogenetic methods to accurately determine the branches of the primate phylogeny at which each gene family duplicated and investigated the relationship between a gene's pattern of duplication and the position of its encoded product in the primate PIN. We addressed this dependency from three perspectives. First, we evaluated the relationship between network centrality of a protein and the duplicability of the encoding gene in the different branches of the studied phylogeny. Second, we tested whether interacting proteins manifest topologically similar phylogenetic trees, in particular, when we look beyond the analysis of 1:1 orthologs. Finally, we considered whether genes encoding interacting proteins tend to duplicate at the same branches of the phylogeny. In all three cases, we found new significant results, with some patterns being more complex than previously thought.
The Dynamic Relationship between Centrality and Duplicability
In E. coli, yeast, and fly, genes occupying central positions tend to remain singleton, whereas those acting at the periphery of the network can more often retain duplicated copies (Hughes and Friedman 2005; Prachumwat and Li 2006; Makino et al. 2009 ). This has been attributed to the deleterious effects of altering the dosage balance of protein-protein interactions (Veitia 2002; Papp et al. 2003) . In contrast with the pattern observed in the aforementioned organisms, duplicated genes tend to be more central in the human interactome (Liang and Li 2007; D'Antonio and Ciccarelli 2011) , indicating that the relationship between duplicability and centrality has undergone modification during animal evolution. The pattern observed in the human interactome has been attributed to the possibility that the involvement of a gene in a higher number of interactions would facilitate the functional diversification of paralogs, for example, through tissue specialization or that highly connected proteins would be required in higher dosages (Liang and Li 2007) .
Consistent with previous observations in the human genome (Liang and Li 2007 ; D'Antonio and Ciccarelli 2011), we found that primate genes that duplicated in any branch of the species tree tend to be more central than singleton genes (supplementary table S4, Supplementary Material online, and fig. 2 ). According to the dosage balance hypothesis, duplication of a gene would be deleterious unless its interacting partners underwent co-duplication soon after or before (Papp et al. 2003 ). An extreme example of co-duplication is whole genome duplication (WGD), which maintains the relative dosage of all balanced sets (Veitia 2004 (Veitia , 2005 . Therefore, the high content of ohnologs (i.e., genes resulting from the two WGD events that occurred in early vertebrate evolution; Wolfe 2000) in mammalian genomes (Nakatani et al. 2007; Makino and McLysaght 2010) might potentially provide an explanation for the lack of a negative association between duplicability and centrality in mammals. Indeed, when the relationship between duplicability and centrality was analyzed separately for genes duplicated in each branch of the phylogeny, we found that genes that duplicated in the ancestral branch to all studied species (branch 6; fig. 1 ), which include ohnologs, tend to be more central than genes that did not duplicate at that branch (supplementary table S4 , Supplementary Material online, and fig. 2 ). However, we also observed the same pattern in most of the other branches of the phylogeny (all of them post-WGD): Duplicated genes encode more central proteins than nonduplicated genes (supplementary table S4, Supplementary Material online, and fig. 2 ). This indicates that the preferential duplication of central genes is an ongoing process that can be observed in relatively recent branches (e.g., the macaque branch, which encompasses the last $23.5 My; Benton et al. 2009; figs. 1 and 2) and not solely the result of WGD.
Unexpectedly, the opposite relationship between duplicability and centrality is observed in the external branch leading to humans and in the internal branches subtending the human/chimpanzee (branch 1) and the human/chimpanzee/ gorilla (branch 2) clades, with statistically significant differences for the human branch and branch 1 ( fig. 1) . That is to say, in contrast to the overall trend, genes that duplicated in these lineages tend to occupy more peripheral positions in the network than nonduplicated genes (supplementary table  S4 , Supplementary Material online, and fig. 2 ), resembling the pattern observed in E. coli, yeast, and fly (Hughes and Friedman 2005; Prachumwat and Li 2006; Makino et al. 2009 ). Therefore, the relationship between duplicability and centrality seems to have undergone a reversal during the evolution of great apes, revealing that this relationship is highly dynamic.
D 'Antonio and Ciccarelli (2011) recently showed that the particular relationship between duplicability and centrality observed in humans is the result of the high content of the human genome in genes that arose late in evolution. Human genes of ancient (premetazoan) origin exhibit the same pattern as observed in E. coli, yeast, and fly (duplicated genes are less central), whereas human genes of more recent origin (those that originated within the metazoans) exhibit the opposite trend (duplicated genes tend to be more central). This contrasting pattern observed among ancient and new human genes could potentially provide an explanation for the different relationship between centrality and duplicability that we observe in the different branches of the phylogeny if duplications in the human branch and internal branch 1 involved preferentially ancient genes. However, we found that the proportion of ancient genes among genes that duplicated in these branches (9.49-17.32%) is generally lower than for genes that duplicated in the other branches of the phylogeny (table 1) (qualitatively similar results are obtained when the analysis is restricted to genes represented in the human interactome; table 1), indicating that the different age of genes that duplicated in the different branches of the phylogeny is not the factor responsible for the heterogeneity in the relationship between duplicability and centrality observed here.
Genes Encoding Interacting Proteins Exhibit Correlated Tree Topologies and Duplication Histories
To gain further insight into the relationship between the structure of the primate PIN and the duplicability of its components, we then considered whether genes encoding interacting proteins exhibit tree topologies that are more similar than expected from a random pair of proteins. We found that interacting genes exhibit phylogenetic trees with a higher similarity than expected from a random PIN (fig. 3 ). This tendency is not the result of the enrichment of the human interactome in self-interactions and interactions among paralogs (Ispolatov et al. 2005; Pereira-Leal et al. 2007; AlvarezPonce and McInerney 2011) or the clustering in the genome of genes encoding interacting proteins (Lee and Sonnhammer 2003; Makino and McLysaght 2008) . Our observations contrast with those by Kelly and Stumpf (2010) . They found only negligible evidence for pairs of yeast interacting proteins presenting phylogenetic trees topologically more similar than random pairs of proteins. At least three possible reasons might account for the different results obtained in both studies. First, they analyzed the yeast interactome, whereas we focused on primates; therefore, it might be possible that both interactomes would exhibit a different trend. Second, the datasets used by Kelly and Stumpf (2,528-5,109 proteins and 5,728-21,283 interactions) were remarkably smaller than the one used here, which could have limited statistical power in their analyses. Finally, they inferred phylogenetic trees from 1:1 orthologous sets, whereas we used entire gene families. Although computationally convenient, using 1:1 orthologous sets removes the effect of duplication and loss events in the tree topologies. Therefore, the different results obtained in the analysis by Kelly and Stumpf (2010) and our analysis may also potentially be the result, at least partially, of interacting genes exhibiting similar patterns of duplication and/or loss.
We found that the number of interactions between genes that underwent duplication at any branch of the phylogeny is higher than expected from a random network. This observation indicates that duplicated human genes tend to interact with each other in the PIN (supplementary fig. S2 , Supplementary Material online), lending support to the hypothesis that duplication of a gene may increase the likelihood of duplication of its interacting partners (Fryxell 1996) . This trend holds true when genes that duplicated in each particular branch of the phylogeny are analyzed separately (supplementary table S5 and supplementary fig. S2 , Supplementary Material online). Although the significance vanishes for most of the branches when self-interactions and interactions among paralogs are removed, the trend remains significant for four of the branches (the external branches leading to gorilla, marmoset, and mouse and internal branch 6; supplementary table S5 and supplementary fig.  S2 , Supplementary Material online). Interestingly, these branches include the three longest branches in the phylogeny (the external branches leading to mouse and marmoset and internal branch 6; see fig. 1 ), suggesting that perhaps the lack of significance in the remaining branches may be the result of reduced statistical power in the shorter branches. Alternatively, the absence of significance in these branches might be a consequence of the reduced efficiency of selective mechanisms favoring the co-duplication of interacting genes in the same branches of the phylogeny. Indeed, we might expect that the selective advantage of duplicating the interacting partner of a protein would be often small. Furthermore, changes in gene dosage can be compensated by mechanisms different from complementary gene duplication, such as changes in expression levels, or may even be accommodated by stochastic variation in levels of protein expression. Therefore, the tendency of interacting genes to co-duplicate in the same branches of the species tree may be observed in organisms only in which natural selection is highly efficient. Primates have a lower effective population size than rodents, which is thought to involve a reduced efficiency of natural selection (Ohta 1973; Lynch 2007) ; therefore, evolutionary forces promoting the co-duplication of genes encoding interacting proteins may be less efficient in primates.
Conclusion
Taken together, our analyses indicate that the position of proteins in the primate PIN has an effect on the patterns of duplication of their encoding genes, indicating that the network imposes constraints on the fate of genes encoding its components. First, gene duplicability depends on the centrality of the encoded products in the network, although, interestingly, the relationship between centrality and duplicability has varied during primate evolution. Second, interacting proteins exhibit similar duplication histories, tending to co-duplicate in the same branches of the phylogeny. Furthermore, we observed that interacting genes exhibit topologically similar phylogenetic trees, possibly owing to these correlated duplication histories.
Although separate analysis of individual genomes represents a valuable tool to provide a first glance at the patterns of gene duplication, this approach only allows a binary classification of genes as singleton or duplicated, thus providing only an aggregate overview. A more comprehensive characterization of duplication events can be gained by including multiple genomes in the analysis. This comparative approach allows, for instance, assigning duplication events to particular branches in the species tree. When applied to a relatively small selection of mammals, this approach allowed us to observe a dynamical relationship between the structure of the PIN and the patterns of duplication of genes encoding its components. Future work is warranted to understand how the structure of the PIN has influenced gene duplicability in other lineages. In particular, it will be interesting to see the relationship between duplicability and network position in organisms with effective population sizes that are larger than those for mammals. In addition, we note that a limitation of our analysis is that currently available interactomic data are highly incomplete and subject to a high rate of false negatives (Bader et al. 2004; Deeds et al. 2006) . The future availability of more complete and accurate interactomes will allow a deeper understanding of the relationship between duplicability and centrality.
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